The central gustatory pathways are part of the brain circuits upon which rest the decision to ingest or reject a food. The quality of food stimuli, however, relies not only on their taste but also on properties such as odor, texture and temperature. We will review anatomical and functional evidence showing that the central gustatory system, in particular its cortical aspect, functions as an integrative circuit in which taste-responsive neurons also show sensitivity to somatosensory and olfactory stimulation. In addition, gustatory pathways are modulated by the internal state of the body, with neuronal responses to tastes changing according to variations in physiological parameters such as gastrointestinal hormones or blood glucose levels. Therefore, rather than working as the receptive field of peripheral taste receptor cells, the central gustatory pathways seem to operate as a multisensory system dedicated to evaluating the biological significance of intra-oral stimuli.
Introduction
When we are constantly and simultaneously bombarded with various types of sensory inputs, which brain mechanisms allow us to deal with the world in a meaningful manner? The problem of multisensory integration essentially refers to the set of brain processes involved in integrating incoming sensory inputs from several modalities, allowing for the formation of unified perceptual objects and consequently for appropriate behavioral responses to be generated. 1 In many cases, the survival of an organism depends on appropriate responses to multisensory stimuli. Selecting foods for ingestion is a clear instance of a multisensory problem that must be solved, promptly and correctly, by any organism. In fact, the placing of food in the mouth simultaneously generates taste, olfactory and somatosensory (texture, temperature) inputs to the central nervous system. Once a stimulus is inside the oral cavity, the decision to ingest or reject it will depend on the evaluation of its multisensory aspects, 2, 3 given that not only the taste but also other attributes such as odor and consistency will function as cues to the nutritive value and potential toxicity of the stimulus. Which brain regions control ingestive behaviors on the basis of these multiple simultaneous sensory inputs from the oral cavity and viscera? Much progress has been made recently on unveiling both the peripheral and central mechanisms of gustation. 3 One pattern emerging from these recent findings concerns the sensitivity of the central gustatory pathways to multiple sensory inputs arising from the oral cavity. In this review, we will focus on the apparent multisensory functions of the primary gustatory cortex (GC). In fact, both electrophysiological and functional neuroimaging studies make a strong case in favor of the hypothesis that the functions of the gustatory cortex are not restricted to reflecting taste receptor activity. In what follows, we will review evidence of multisensory responses in GC and propose that this primary sensory cortical region works as an integrative circuit, having the capability to encode multiple physical-chemical attributes of stimuli placed in the oral cavity.
Oral somatosensory, olfactory and gustatory inputs contribute to the control of ingestive behaviors
We start by noting that not only gustatory but also several other sensory attributes of intra-oral stimuli contribute to the organisms' decision to ingest or reject foods. For example, a beloved sweet drink will evoke nociceptive responses and likely be rejected if served extremely hot. Usually acceptable and tasty foods, such as fruits or meats, can eventually be rejected if associated with abnormal texture (for example, sogginess) or unusual odors, as both would indicate the potential presence of toxins. Therefore, it is not surprising that other oral senses modulate taste sensations and that a particular brain circuit should have evolved to assess the multisensory properties of intra-oral stimuli. Let us take the exemplar case of temperature. In general, temperature has a strong influence on how we perceive the taste of foods. 4, 5 For example, warming the anterior tongue from a cold temperature evokes the subjective sensation of sweetness, 6 whereas cooling can evoke sourness and/or saltiness. 7 Although many cellular processes are temperature dependent, recent attention has been given to the family of transient receptor potential (TRP) channels. 8 Trigeminal cold fibers express the channel TRPM8, which is activated by cooling and also by menthol, a compound that produces a cooling sensation. TRPV1 is found in trigeminal nociceptors and it is activated at temperatures above 401C and also by capsaicin, the principal pungent compound in chili pepper that produces a burning taste sensation. TRPM5 is found in type II taste cells. 9 This channel is sensitive to changes in both intracellular calcium levels and voltage, and is important for the transduction of sweet, bitter and umami tastes. 10 TRPM5 is also temperature dependent, in that its activation is triggered by increasing temperatures. 11 As TRPM5 is expressed in the taste receptor cells of taste buds, 12 it has been associated with increased perceived sweetness as a function of temperature. 11 For salt and sour tastants, respectively, temperature dependence can arise from the temperature-dependent activation of epithelial sodium channels 13 or the proton-sensitive channels of the Polycystic Kidney Disease family, 10, 14 or from the intracellular pathway for weak acids. 15 More recently, it has been shown that quinine inhibits TRPM5 channels and also reduces chorda tympani (CT) responses to sweet tastants. 16 CT is a branch of the facial nerve innervating the taste cells of the anterior 2/3 of the tongue. It does not affect salty or sour taste CT responses. These data may explain why bitter tastants inhibit human perception of sweet taste. 16 More generally, most foods when masticated simultaneously activate the gustatory, somatosensory and olfactory systemsFthe latter through a retronasal route. One obvious example is fat, which, after being degraded by lingual lipases to produce free fatty acids, activates receptors on taste cells, 17, 18 whereas information about the texture and viscosity is conveyed by the somatosensory system. 19, 20 Moreover, depending on the temperature and chain length of the fatty acid, low molecular weight fatty acids could, through the retronasal route, activate the olfactory system. 21 Other selected examples of chemicals that can activate multiple sensory systems 3,9,22-25 include: NaCl (tasteFthe sensation of saltiness at relatively low concentrations; somatosensoryFirritation at higher concentrations); acids (tasteFsourness; somatosensoryFnociception, olfactoryF for example, acetic acid), nicotine (tasteFthe sensation of bitterness at relatively low concentrations; somatosensoryF burning at higher concentrations); and artificial sweetenersF the sensation of sweetness at relatively low concentrations; bitterness at higher concentrations as well as somatosensoryF 'metallic taste.' In summary, a multitude of sensorial experiences can be evoked at once on placing foods in the mouth. We will now review evidence that many of those modalities have their inputs centrally represented as neural activity in GC.
Anatomy of the central gustatory and oral somatosensory systems
Gustatory information from taste buds located on the anterior tongue and palate is transmitted to the brain through special sensory branches of the facial (VII) nerve. Somatosensory information from these same areas is transmitted through the trigeminal (V) nerve. Other regions of the oral cavity that contain taste buds such as the posterior tongue, the pharynx, larynx and epiglottis are innervated either by the glossopharyngeal (IX) or vagus (X) nerves. 26 Importantly, cranial nerves IX and X have both 'special' (that is, taste-specific) and 'general' sensory neurons. In addition to containing mechano-and thermo-sensors, which transduce information on textural and thermal properties of intra-oral stimuli, the general sensory branches of cranial nerves IX and X also express polymodal nociceptors that are responsive to chemical stimuli (in the anterior tongue, the lingual branch of cranial nerve V has polymodal nociceptors). Figure 1 depicts a schematic view of the central taste pathways in mammals. Cranial nerves VII, IX and X transmit electrical signals that convey the chemical properties and quantity of tastants to the rostral division of the nucleus of the solitary tract (NST) of the medulla, the principal visceral sensory nucleus of the brainstem. In rodents, second-order fibers (that is, NST afferents) project ipsilaterally to the gustatory parabrachial nuclei (PBN) in the pons, proceeding then to the parvicellular part of the ventroposterior medial nucleus of the thalamus (VPMpc). In primates, however, the NST projection fibers bypass the PBN only to join the central tegmental tract and synapse directly into VPMpc. Thus, in primates, PBN circuits seem to be dedicated to convey general visceral information (for example, from the vagus nerve) to specialized thalamic nuclei including the VPM. 27, 28 The thalamic/cortical regions are depicted in Figure 1 on the basis of the primate anatomyFthe rodent case follows by analogy.
The primary taste cortex of mammals can be defined in terms of VPMpc afferents. 29 Pritchard et al. (1986) 30 have studied the efferent projections of the VPMpc of the monkey, macaca fascicularis with tritiated amino acid autoradiography. Two discrete cortical areas were characterized as a target of VPMpc projections. First, labeled cells were located in the ipsilateral insular-opercular cortex adjacent to the superior limiting sulcus and extending as far rostrally as the caudolateral orbitofrontal cortex. Moreover, further projections were located within the primary somatosensory cortex, in the precentral gyrus subjacent to the anterior subcentral nucleus (that is, a precentral extension of the primary somatosensory cortex). This area is anterior to the VPM projection sites representing somatosensory information and is adjacent to or overlapping with the cortical somatotopic sites for the face and oral cavity. 31 This area might be a target of somatosensory VPM and VPMpc projection fibers, and thus implement the convergence in the cortex of the somatosensory and gustatory aspects of stimuli delivered in the mouth (see Figure 1 ). Scott and Plata-Salaman (1999) 29 defined the anterior limit of the primary taste cortex in the macaque as the junction of the orbitofrontal and opercular cortices, from which it extends 4.0 mm posteriorly. The mediolateral extension is defined B16-19 mm lateral to the midline in an average adult macaque. The dorsal limit is defined as B6 mm above the lateral fissure. The insular cortex, in the depth of the Sylvian fissure, has been divided into four rostrocaudal subdivisions: the most rostral portion has been designated the insular proisocortex; adjacent to it is the agranular subdivision of the insula, followed caudally by the dysgranular and the granular insular areas. In these terms, the VPMpc nucleus projects to the opercular and insular regions of the granular and dysgranular insula, and extends to the adjacent agranular portions of the insula. cranial nerves VII, IX and X that contain information on the chemical properties of tastants are conveyed to the rostral division of the nucleus tractus solitarius (rNTS) of the medulla, the principal visceral-sensory nucleus of the brainstem. In the rat, second-order fibers (that is, rNTS efferents) project ipsilaterally to gustatory centers in parabrachial nuclei (PBN) of the pons, from where a first (dorsal) pathway projects to the parvicellular part of the ventroposterior medial nucleus of the thalamus (VPMpc), the taste thalamic nucleus. The second (ventral) pathway includes direct projections from PBN to the central nucleus of the amygdala and lateral hypothalamus. In primates, however, the NTS projection fibers bypass the PBN only to join the central tegmental tract and synapse directly into the VPMpc, whereas the PBN seems to be dedicated to conveying general visceral information (mainly through vagal afferents) to specialized thalamic nuclei. In either case, thalamic afferents then project to the primary gustatory cortex, which is defined as the VPMpc cortical target. The VPMpc also sends projections to regions neighboring the primary somatosensory cortex, adjacent to the precentral gyrus, and that overlap with cortical somatotopic sites for the face and oral cavity. The primary taste cortex projects to the central nucleus of the amygdala, from where gustatory information reaches the lateral hypothalamus and midbrain dopaminergic regions. The primary taste cortex also projects anteriorly to the caudolateral orbitofrontal region, called the secondary taste cortex. Taste neurons in the caudolateral orbitofrontal cortex converge with cells receiving projections from the primary olfactory cortex, which might have implications for flavor perception. The orbitofrontal cortex is also targeted by projections from the lateral hypothalamus, allowing taste responses to be modulated by satiety states. Finally, cortical taste areas send afferents to the rNTS/PBN, allowing for top-down modulation of gustatory processing at the level of the brainstem. Blue, projections to rNTS; green, primary taste areas; red, projections to caudal NTS. (Used and modified with permission, originally published in Simon et al.
3 ) The color reproduction of this figure is available on the html full text version of the paper.
The gustatory cortex in multisensory processing
Integration of gustatory, texture, temperature and olfactory inputs in gustatory cortex Electrophysiological recordings in monkeys 29 provided an early indication that multisensory neuronal responses take place in the primary taste cortex. In fact, a small proportion of cells in the primary taste cortex did actually respond exclusively and consistently to taste stimuli (B6.5%); a significantly higher proportion (B23%) responded during tongue or jaw movements, for example. This suggested, in particular, that the primate primary taste cortex might be simultaneously encoding both taste and oral somatosensory properties of intra-oral stimuli. However, we note that the number of cells in the gustatory cortex that are responsive to tastants is strongly dependent on several variables, including the method of analysis. 32, 33 More recently, human studies using functional neuroimaging methods such as positron emission tomography and functional magnetic resonance imaging confirmed that homologous gustatory areas to those of primates are responsive to gustatory stimuli in humans, including the anterior insula/frontal operculum aspects of GC. [34] [35] [36] This includes responses to glucose, NaCl, 35 umami, 36 caffeine and citric acid 37 ( Figure 2a ). More recently, intrinsic imaging studies revealed that rat gustatory areas are activated by salt, acid, bitter tastants and sweet tastants 38 and, as seen below, many electrophysiological studies revealed, as expected, that GC is activated by a variety of tastants. In addition, human studies also provide evidence that GC not only responds to the major perceptual categories of taste, but also supports the encoding of the multisensory aspects of taste stimuli. In a study using taste and retronasal olfactory stimuli (and their combinations), de Araujo et al. 39 have
shown that taste and olfactory inputs in the human brain converge in the far anterior (putatively agranular) insular cortex. This region of the far anterior (agranular) insula is close to the part of the insular cortex where it adjoins the caudal orbitofrontal cortex. A homology between the rodent and primate cases with respect to the central anatomy of taste and olfactory integration has been suggested earlier, and thus it is being proposed here that this homology would extend to humans to encompass at least three mammal species. See Figure 2b . As mentioned, it has been found in monkeys that a representative number of neurons in the primary taste cortex respond to oral somatosensory/motor stimulation. 40, 41 The same sensitivity to oral somatosensory inputs in GC seems to hold true for humans as well. In fact, it has been shown that activation of the human anterior insular (putative primary) A region of the human insular taste cortex, as defined by its response to a prototypical taste stimulus (sucrose), which is activated by olfactory stimuli, delivered by either retronasal or orthonasal routes (de Araujo et al. 43 ). (c) A region of the human insular taste cortex, as defined by its response to a prototypical taste stimulus (glucose), which is activated by a purely somatosensory (viscous) stimulus, carboxymethylcellulose, and by fat oils (de Araujo and Rolls 42 ). (d) A region of the human insular/opercular taste cortex, as defined by its response to a prototypical taste stimulus (glucose), which is activated by water in the mouth subtracted from a control artificial saliva solution (de Araujo et al. 39 ). (e) A region of the human insular/taste cortex, as defined by its response to a prototypical taste stimulus (glucose), which is activated by water in the mouth at different temperatures subtracted from water at room temperature (Guest et al. ). Noticeably, the exact anatomical locations of these activations are highly coincidental to the taste-related activations described above.
taste cortex by tasteless oral viscous stimuli (carboxymethylcellulose, CMC) was proportional to the log of the viscosity, providing evidence of somatosensory/gustatory integration in primary taste cortex. 42 Note that CMC, although allowing for manipulation of the degree of viscosity of a stimulus, is considered tasteless. It was also shown 42 that GC is activated by the oral delivery of fatty vegetable oil, showing that GC might use inputs from different sensory modalities to detect biologically (in this case nutritive) relevant stimuli in the oral cavity. See Figure 2c . Another example of responses in the human primary taste cortex that are independent of the major perceptual categories of taste is activation produced by water in the mouth, when subtracted from activations produced by artificial saliva at the same level of viscosity. 43 This finding has later been confirmed in rats in which neurons in GC were found to respond to water but not to all tastants, ruling out purely somatosensory effects. 44 Therefore, not only the stimulation of taste receptors but also the substances generally relevant for behavior and survival seem to elicit responses in the mammal gustatory cortices. See Figure 2d . Changes in intra-oral temperature levels also seem to modulate activity in GC. Indeed, it has been shown 45 that the same regions of the insular cortex activated by a prototypical taste stimulus (1 M glucose) are also activated by thermal stimuli. For example, after delivery of intraoral thermal stimuli (that is, distilled water at different temperatures), activations in this anterior insula region were found in Guest et al. 45 for the contrasts 'hot' (501C -rinse) and 'cold' (51C -rinse), and 'cold-hot' (5-501C) (where 'rinse' is defined as distilled water at room temperature). See Figure 2e .
Higher-order inputs to gustatory cortex
In addition to the basic sensory modalities of taste, olfaction, oral somatosensation and temperature, higher-order, more cognitive influences seem to have the ability to influence GC activity. From our experiences, it is obvious that visual input can affect one's response to the palatability of food. However, it is not so obvious that merely seeing food would affect responses in the GC. To this point during event-related functional magnetic resonance imaging experiments, Simmons et al. 46 had subjects view pictures of appetizing foods and, for comparison, pictures of locations. Compared with 'location pictures' that also activate the visual pathway, food pictures specifically activate gustatory processing areas including the insula/operculum (Figure 2e) . Therefore, the mere presentation of food pictures, independently of concomitant gustatory activation, is sufficient to evoke neural activity in GC. Importantly, the locations of the activations reported by Simmons et al. were highly coincidental with the purely taste-elicited activity. 36 In another human functional magnetic resonance imaging study of taste, Nitschke et al. 47 found that the taste responses in the insula and operculum (GC) are modulated by the expectation of a tastant. In their experiment, they gave subjects cues as to whether a particular tastant (quinine) was perceived to be more or less bitter and determined whether that perceptual change was reflected in the cortical responses. They found that when expectancies were manipulated to mislead subjects into believing that the taste would be less unpleasant than it actually was, the responses in the insular and opercular responses were reduced. Electrophysiological recordings also found that GC encodes expectation of tastant delivery. 48 In these experiments, arrays of electrodes were implanted in the GC of rats while the animals were licking a sipper on a fixed-ratio 5 (FR5) protocol (see Figure 3) . The FR5 protocol can be expressed as [DL1-DL2-DL3-DL4 -Ti]8FWR, where DL represents the four dry licks, Ti is tastant i, WR is the water rinse between blocks, and [y]8 represents a block of eight trials. That is, after eight deliveries of tastant i, a new tastant is delivered. Stapleton et al. 48 hypothesized that animals trained on the FR5 protocol would learn that, after a rinse, a new block of eight trials will be followed by a different tastant. These researchers developed a model that enabled them to predict on each trial (lick for a tastant) the probability of correctly predicting the tastant and its concentration. They found that after the first trial in a block in the DLs, there is an abovechance likelihood in the next seven DL trials of predicting the tastant and its concentration. Interestingly, no information is encoded during the first four dry licks that antecede the delivery of a new tastant. In other words, when an animal knows what tastant is coming, it sets up an 'engram' of the tastant. Changing the protocol such that tastants could be delivered anywhere in a block reduced the probability of predicting the tastants to chance. Finally, a recent study reported significant responses in GC engaged when human subjects attempted to detect the presence of a tastant in a tasteless solution, 49 thus providing further evidence that cognitive processes, such as selective attention to taste, are sufficient to engage the GC circuitry even when no concomitant gustatory stimulation is provided. Overall, the sensitivity of GC neurons to multiple sensory modalities should therefore include modulatory activity by other cortical regions.
Electrophysiological properties of gustatory cortex neurons responsive to intra-oral stimuli
Stapleton et al. have investigated somatosensory as well as gustatory responses in GC from rodents through neural ensemble recordings while animals licked nutritive solutions from a spout. 50 Similar to sniffing and whisking, licking produces stereotyped responses at y frequencies. 51 Such behaviors (along with their analogs in other species) will engage the somatosensory and taste central pathways, often simultaneously. Figure 3 shows a single neuron in GC whose responses were recorded while rats licked on an FR5 schedule (described above). 44, 48 We investigated whether neural populations in the rat GC encoded sufficient information to allow the discrimination between taste and somatosensory features of tastants within single inter-lick intervals (B150 ms, an interval sufficient for trained rats to discriminate between tastants following a single lick 52 ). We also investigated whether there is sufficient information in the evoked spike trains within a single lick to discriminate dry licks from wet licks as well as between different tastants. Figure 3 depicts two distinct types of neuronal response that were active at some time within the lick cycle (about 150 ms). One type consisted of a temporally precise activation before the lick cycle (Figure 3a) and thus was obviously not chemosensitive. Neurons of this type could simply reflect oromotor responses such as opening or closing the mouth or sticking out or retracting the tongue. 53, 54 A second type of neuron response was activated both by licking a dry sipper and by the delivery of tastants ( Figure 3b) . As in the above example, GC neurons are broadly tuned and are usually activated by several tastants. It is also seen that licking the dry sipper elicits a small response (Figure 3b and especially the right hand panel). In this figure, it is seen that the response for licking plus the concurrent tastant delivery was much larger for such chemosensory neurons. This suggests that the somatosensory information elicited by licking might combine in a supralinear manner with chemosensory inputs. Such an effect is, in fact, expected to be observed during multimodal processing, 55 and constitutes an important topic for future research. Neuronal responses in GC to somatosensory stimuli placed in the mouth are also observed during electrophysiological recordings in monkeys. Figure 4 provides such an example. Figure 4a shows a GC neuron recorded from a primate with differential responses primarily to viscosity as produced by CMC. (Note that it is also responsive to changes in temperature (T) but not especially to tastants or various oils (O)). Figure 4b shows that the mean firing of a GC neuron to different viscosities of CMC increases from about 100-10 000 cP. Also shown is the relative absence of responses to oils of different viscosity. Other types of neurons, not shown, were responsive to oils but not to viscosity, and still others were responsive only over specific temperature ranges. Taken together, these data clearly show that single neurons in the primate GC respond to a variety of modalities including texture-related information, as indicated by the neuroimaging studies of the human GC shown in Figure 2 .
Post-ingestive factors and visceral inputs influence gustatory cortex activity
Post-ingestive effects, including visceral inputs that follow ingestion of foods, not only influence GC activity, but also seem to require the integrity of GC to exert their control on food intake. In fact, GC is required for associations to be formed between sensory and post-ingestive aspects of foods. This is evident when an organism learns to use the taste of a novel food as a cue to the ensuing malaise (conditioned taste aversion), so that avoidance-adaptive behaviors are acquired to protect from further contamination. Thus, conditioned taste aversion paradigms, pharmacological manipulations, 56 protein synthesis inhibition 57 or irreversible lesions to GC 58 disrupt the formation of a 'memory trace' linking a conditioned taste cue to ensuing visceral malaise. A recent intrinsic imaging study of the rat GC showed that the areas involved for different tastants changed when an animal received a visceral malaise (intraperitoneal injection of lithium chloride) while being exposed to saccharin. 59 The imaging map of the saccharin response became closer to that evoked by the bitter tastant quinine. On extinguishing the conditioned taste aversion, the topography of the responses was partially reversible. These experiments showed that changes in hedonic perception are directly related to the map's plasticity in the GC. That is, an internal state of malaise induces plastic reshaping in the GC associated with the behavioral shift of the stimulus hedonic value. GC also seems to be important for the control of food intake by post-ingestive effects when such effects are rewarding. During appetitive conditioning, bilateral lesions to the gustatory cortex abolish the assignment of incentive value to food outcomes in instrumental tasks. 60 Furthermore, insular neuronal responses to palatable compounds are modulated by post-ingestive satiation in both rats 61 and humans.
62 Figure 5 displays a representative example of the firing activity of ensembles of simultaneously recorded neural units in different areas of the rat forebrain, whereas rats ingest a nutritive sucrose solution. 61 In a typical experimental session, an initially hungry rat will reduce the frequency with which it approaches and licks a sipping tube containing sucrose. The time interval measured between two consecutive licking bouts is called an inter-trial interval. These intervals can be used as behavioral indexes for the motivation of the animal to ingest sucrose, such that during 'hunger' periods they tend to be short (high sucrose consumption per unit of time), whereas during 'satiation' phases they tend to be longer. In this study, de Araujo et al. 61 reported that, when combined in a population mean, ensembles of simultaneously recorded neural units reflect more efficiently the hunger/satiation state of the animal compared with their constituent single units (see Figures  5a-d) . It is important to note, however, that in this study neurons in GC contributed to approximately the same extent of the coding of the physiological state of the animal as other forebrain regions known to be involved in the homeostatic control of feeding. Thus, the ratio between the average performance of individual neurons in a given area and the performance of the entire corresponding ensemble (performance ¼ correlation coefficient between firing rate across trials and inter-trial intervals during the corresponding session) was not significantly different between GC and the lateral hypothalamus, amygdala or orbitofrontal cortex. 61 Therefore, it can be concluded that GC neurons contribute importantly, as other brain regions directly involved in the homeostatic control of food intake, to the neural encoding of the physiological state (hunger/satiety) of the organism.
Conclusion
We have reviewed evidence, from imaging, behavioral and electrophysiological studies, suggesting that GC functions as an integrative circuit by combining inputs from multiple sensory modalities arising from the oral cavity as well as visual and interoceptive inputs. These findings indicate that GC has a more general function than beyond representing the gustatory aspects of intra-oral stimuli. In general, rather than working as the receptive field of peripheral taste receptor cells, the central gustatory pathways seem to operate as a multisensory system dedicated to evaluating the biological significance of intra-oral stimuli through activation of non-taste oro-gastro-intestinal receptors. Among these functions is the ability of GC to combine taste information with the post-ingestive consequences that follow the consumption of foods, a function that is reflected Figure 5 Gustatory cortical neurons contribute significantly to the encoding of physiological states. The firing activity of ensembles of simultaneously recorded neural units in different areas of the rat forebrain can represent the current motivation of the animal to ingest a nutritive sucrose solution more efficiently than its constituent single units. In a typical experimental session, an initially hungry rat will reduce the frequency with which it approaches and licks a sipping tube containing sucrose. The time interval measured between two consecutive licking bouts is called an inter-trial interval (ITI). These intervals can be used as behavioral indexes for the motivation of the animal to ingest sucrose, such that at 'hunger' periods they tend to be short (high sucrose consumption per unit of time), whereas at 'satiation' phases they tend to be longer. We found that when combined in a population mean, ensembles of simultaneously recorded neural units reflect more efficiently the hunger/satiation state of the animal compared with their constituent single units, with relatively higher population firing rates during hunger phases. in the ability of GC neurons to represent faithfully the physiological internal state of the organism.
Conflict of interest
SA Simon has received consulting fees from Nestle, lecture fees from Philip Morris, and grant support from the National Institute of Health and Philip Morris. The remaining author declares no conflict of interest.
